Introduction
Of the most important physiological pathways affecting electrolyte homeostasis and blood pressure regulation, the renin-angiotensin system (RAS) ranks high. 1 ,2 Therefore angiotensin converting enzyme (protein: ACE and gene: ACE) has been intensively evaluated in vascular biology. 3, 4 Although individual plasma ACE levels in the normal population are reproducible and stable, there is wide inter-individual variability. Approximately half of this variability can be explained by the insertion/deletion (I/D) polymorphism in intron 16 of human ACE. 5 Although a proliferation of association studies have linked ACE I/D polymorphism with hypertension, the results are often irreproducible. [6] [7] [8] [9] Meanwhile, a recent meta-analysis also argued against the contribution of this polymorphism to the presence and severity of essential hypertension. 10 Considering its intronic nature, ACE I/D polymorphism may be in linkage disequilibrium with other functionally relevant genetic variants potentially affecting the structure or expression of ACE.
As previously shown by Zhu et al, among 13 polymorphisms of ACE including the coalescent I/D polymorphism, an exonic polymorphism G2350A (rs4343) has been shown to exert the most significant influence on ACE plasma levels. 11 Moreover, they found that, after adjustment for the effect of G2350A polymorphism, the I/D polymorphism was no longer associated with plasma ACE levels. 11 Furthermore, a number of association studies have attempted to link ACE G2350A polymorphism to hypertension with inconclusive results of either null 12 or positive 13 associations. This lack of reproducibility might stem from several causes, relating to study design, sample size and power issues, and true variability between populations. 14 In this respect, metaanalysis can provide a good opportunity to help identify genetic associations by correcting for these conditions to some extent. 15, 16 We therefore performed a meta-analysis from all eligible studies to investigate the association between ACE G2350A polymorphism and hypertension risk. 
Methods

Publication search
The search engines employed in this meta-analysis included MEDLINE, EMBASE and Web of Science. Results were restricted to publications in English language and studies on human populations as of Nov 14, 2009 . The key terms for comprehensively searching for all eligible studies were {hypertension or blood pressure} and {angiotensin converting enzyme or ACE or renin-angiotensin} and {gene or variant or mutation or polymorphism or allele or genotype}. Moreover, all retrieved studies as well as their bibliographies were searched for other relevant publications. If there were multiple publications from the same study group, the most complete and recent results were extracted.
Inclusion and exclusion criteria
The inclusion criteria included: (a) evaluation of the ACE G2350A polymorphism and hypertension risk; (b) retrospective case-control studies using either a hospital-based or a populationbased design; (c) definition of hypertension as systolic blood pressure (SBP) exceeding 140 mmHg or diastolic blood pressure (DBP) exceeding 90 mmHg or treatment with antihypertensive medication or clinical validation without recordings; (d) sufficient information upon genotype counts for estimating the odds ratio (OR) and its corresponding 95% confidence interval (CI). The exclusion criteria included studies that evaluated secondary hypertension or other types of monogenic hypertension.
Data extraction
Two authors (W. Niu and Y. Qi) independently extracted the following information from each study: first author's last name, year of publication, ethnicity of the population studied, study design, number of subjects in each category, baseline information of the study population, and the counts of persons with different genotypes in cases and controls. Information on the Hardy-Weinberg equilibrium test was also tracked or calculated if unavailable. After data extraction, discrepancies were adjudicated by discussion and a consensus was reached. For consistency, all continuous variables that were expressed as mean ± standard error (SE) were transformed as mean ± standard deviation (SD).
Statistical methods
The meta-analysis was calculated by using the Review Manager software (version 5.0.19) (http:// www.cc-ims.net/revman/download) and Stata software (version 9.0). Hardy-Weinberg equilibrium was assessed by the Pearson χ 2 test (SAS version 9.1.3, Institute Inc., Cary, NC, USA) for studies without track record. No assumptions were required for genetic models of inherence for the polymorphism under study.
Generally, the χ 2 based Cochran's Q statistic was used to examine the presence of between-study heterogeneity with the statistical significance of .01. 17, 18 In this study, we applied the randomeffects model for all comparisons because this accommodates the possibility that the underlying effect differs across studies. For practical use, the random-effects model is more conservative and has a wider CI than the fixed-effects model.
In addition, sensitivity analysis or subgroup analysis was performed to look at more narrowly drawn subsets of the studies by removing an individual study each time or studies with In addition, sensitivity analysis or subgroup analysis was performed to look at more narrowly drawn subsets of the studies by removing an individual study each time or studies with similar features such as deviation from Hardy-Weinberg equilibrium to assess their separate influence. Finally, publication bias was assessed by continuity-corrected Begg's test for each meta comparison.
Results
Study characteristics
Via an extensive search, a total of four original articles satisfied the coalescent inclusion criteria with 1699 patients with hypertension and 1374 controls in all. All these four studies were conducted in Asians with two among Southern 19 and Northern 12 Han Chinese, one among Gulf Arabs 13 and one among Pakistanis 20 . Among them, three studies followed a hospital-based study design 13, 19, 20 and one followed a population-based study design. 12 The baseline characteristics of all study populations are summarized in Table 1 .
The mean age of all study populations was greater than 50 years old, and the percentage of males ranged from 38.50% to 58.40% in cases and 42.22% to 57.73% in controls. The mean BMI levels were higher on average among Gulf Arabs 13 than among Han Chinese. 12, 19 In contrast, the frequencies of 2350A allele among Gulf Arabs 13 and Pakistanis 20 were very much lower than that among Han Chinese, 12, 19 especially for the Northern Han Chinese (Beijing Fangshan population). 12 Except one study among Gulf Arabs that was a genetically homogeneous population characterized by no alcohol consumption 13 the genotype distributions of the ACE G2350A polymorphism met the Hardy-Weinberg equilibrium law in both cases and controls (p > .05).
Main meta results
As shown in Figure 1 , compared with 2350G allele, the 2350A allele conferred a protective, albeit nonsignificant, effect on hypertension under the random-effects model (OR= 0.81; 95% CI, 0.56-1.18; p = .28). Nonetheless, it was of interest to note that the 2350A allele had a significant 42-48% reduced risk among Gulf Arabs 13 and Pakistanis 20 , but a nonsignificant increased risk for hypertension among Han Chinese. 12, 19 Since no specific genetic model was assumed beforehand, we performed codominant model (AA vs. GG and GA vs. GG), dominant model (AA+GA vs. GG) and recessive model (AA vs. GA+GG) analyses, respectively. Compared with the 2350GG genotype, the 2350AA and 2350GA genotypes both conferred a nonsignificant reduced risk, especially for the latter (OR= 0.70; 95% CI, 0.37-1.34; p = .28) (Figure 2 and 3) . Similarly, the trend was the same with the allelic association for each population. Under the dominant model, the 2350A allele carriers still had a reduced hypertension risk and such associations were divergent between Han Chinese 12, 19 and Gulf Arabs 13 and Pakistanis 20 (Figure 4) , which was similar with allelic association. However, under the recessive model, this protective effect was totally reversed with the estimate nearly approaching unity from the positive direction (OR = 1.01; 95% CI, 0.77-1.33; p = .94) ( Figure 5 ).
Subgroup/sensitivity analyses
Since both Gulf Arabs 13 and Pakistanis 20 belong to Muslim countries, we thus combined them as a subgroup in comparison with the two Han Chinese populations 12, 19 . Accordingly, a significant protective effect of the 2350A allele compared with the 2350G allele was observed among Muslims from the Arab Gulf and Pakistan (OR = 0.55; 95% CI, 0.42-0.71; p < .00001). Contrastingly, the 2350A allele had a 10% increased risk for hypertension (OR = 1.10; 95% CI, 0.98-1.23; p = .11) among Han Chinese. Similar trends persisted for both 2350AA and 2350GA genotype associations, as well as the dominant and recessive associations (data not shown).
Moreover, because of the deviation from Hardy-Weinberg equilibrium among Gulf Arabs 13 and 
Figure 2
The contrast of ACE 2350AA genotype versus 2350GG genotype.
Figure 3
The contrast of ACE 2350GA genotype versus 2350GG genotype.
Figure 4
The contrast of ACE 2350AA+GA genotypes versus 2350GG genotype under the dominant model. because this was also the first investigation in the English literature, we thus performed a sensitivity analysis by removing this study and found an attenuated protective effect (OR = 0.90; 95% CI, 0.60-1.34; p = .60) for the comparison of the 2350A versus 2350G alleles. Also, we excluded one study that was performed in a populationbased study design 12 and found that the allelic association was not affected materially (OR = 0.72; 95% CI, 0.41-1.29; p = .27).
Publication bias
We ran the Begg's test (continuity corrected) and observed no publication biases for all meta associations (p > .05).
Discussion
This meta-analysis, including 1699 patients with hypertension and 1374 controls from four English language published studies, investigated the association of ACE G2350A polymorphism with hypertension. Although some statistical bias could not be eliminated and there was an indication of significant between-study heterogeneity, our results indicated that the ACE 2350A allele was associated with a significantly reduced hypertension risk among Muslims from the Arab Gulf and Pakistan, yet an elevated risk among Han Chinese.
To the authors' knowledge, this study represents the first meta-analysis for ACE G2350A polymorphism in association with hypertension.
As exemplified by Lohmueller et al, except for false negatives (underpowered studies) and false positives (spurious findings), true variability across different populations can account for the inconsistency of findings across studies. 15 This situation might be the case for the present metaanalysis since we observed widely divergent associations of the ACE 2350A allele with hypertension between Muslims from the Arab Gulf and Pakistan 13, 20 and Chinese. 12, 19 Although we only scrutinized four studies, which runs the risk of false-positive findings due to lack of power, our results can still drop several hints here.
Firstly, ACE genetic profile might be different between Han Chinese and Muslims from the Arab Gulf and Pakistan. For example, the frequencies of the ACE 2350A allele in hypertension patients were nearly doubled among Han Chinese (48-55%) 12, 19 compared with Gulf Arabs (26%) 13 and Pakistanis (23%), 20 which suggests a possible role for ethnic differences in genetic backgrounds and the environment that the groups lived in. 21 Moreover, different study designs might confound this genetic profile. Taking the two studies among Han Chinese as an example, the frequency of the 2350A allele was higher in the population-based study (55%) 12 than in the hospital-based study (48%) 19 . Furthermore, different lifestyle backgrounds might play a role, since generally the Northern Han Chinese consumed more dietary salt than the Southern counterparts. 22 Secondly, a recent data-mining study has suggested that differences in allele frequency can result in a reversal of allelic effects where a protective allele becomes a risk factor in replication studies. 23 As expected, the roles of the ACE 2350A allele were totally divergent between Han Chinese and Muslims from the Arab Gulf and Pakistan. It is thus reasonable to speculate that, if involved, ACE G2350A polymorphism may have pleiotropic effects on the etiology of hypertension among different races or ethnic groups.
Finally, since the targeted G2350A polymorphism is synonymous in exon 17, it is possible that this marker may not be a disease-causing locus itself, but may be linked to a causal one. The resulting linkage disequilibrium (LD) will yield a significant association between the marker and hypertension.
Figure 5
The contrast of ACE 2350AA genotype versus 2350GG+GA genotypes under the recessive model. LD can vary within and between populations because of regional variability of LD, genetic drift, and mating patterns. 24 In addition, populationstratification might bias the present results. Because our results indicate that Chinese populations have a higher prevalence of the 2350A allele and an elevated hypertension risk, ACE G2350A polymor-G2350A polymorphism might be a marker for Chinese ancestry in general, rather than a marker for the elevated hypertension susceptibility.
Journal
This study has some limitations worth noting. First, this meta-analysis only focused on published papers written in the English language; unpublished reports or reports in other languages might confound the present results. Second, the cross-sectional nature of our included studies precludes comments on causality. Third, in this study, we only focused on hypertension as a categorical trait rather than the continuous blood pressure profile, which runs the risk of losing some information. Fourth, due to the rela-Fourth, due to the rela-, due to the relatively small number of eligible studies, we were unable to perform further subgroup analyses, for example by gender, because of limited data. A previous study of ACE has shown an association with hypertension in men but not in women. 25 Fifth, we cannot retrieve information on various confounding factors such as smoking or drinking from all these original publications, both of which have been regarded as effective modula-have been regarded as effective modula-regarded as effective modulators for the development of hypertension. Last but not least, considering the complex genetic network within or between ACE and others that operate in RAS, the potential role of G2350A polymorphism might be diluted or masked by other gene-gene or gene-environment interactions. Therefore the jury must remain out before the eventual truth prevails.
Taken together, this meta-analysis extended previous findings on the association between ACE G2350A polymorphism and hypertension risk by showing that the 2350A allele was associated with a significantly reduced hypertension risk among Muslims from the Arab Gulf and Pakistan, yet an elevated risk among Han Chinese. Further studies should investigate ACE G2350A adjacent markers to confirm whether this association is causal or due to LD. Moreover, studies on the biological mechanism and function of ACE G2350A polymorphism are also warranted. 
